The activity of ornithine decarboxylase (ODCase; L-ornithine carboxy-lyase, EC 4.1.1.17) in rabbit costal chondrocytes in culture increased markedly after addition of parathyroid hormone (PTH), reaching a maximum 4 to 5 hr after PTH addition. The increase in ODCase activity was followed by increase in the intracellular concentrations of polyamines, especially putrescine, which increased in 6 hr to about 3fold that of untreated cultures. The polyamines putrescine, spermidine, and spermine have been linked to many processes for division, proliferation, and growth of various types of cells. The intracellular contents of polyamines are high in developing embryos and neoplastic tissues and increase in various tissues after appropriate growth stimuli or administration of hormones and drugs (1-7). The polyamine content also increases in cultured mammalian cells stimulated to proliferate and transform (8-10). Ornithine decarboxylase (ODCase; L-ornithine carboxy-lyase, EC 4.1.1.17), the enzyme responsible for putrescine formation and probably the rate-limiting enzyme in polyamine biosynthesis, is rapidly and markedly induced by various growth stimuli and by treatment with hormones and drugs both in vivo and in culture (1-7, 11-16). Recently, Conroy et al. (17) demonstrated the presence of ODCase and polyamines in cartilage, and Rath and Reddi (18) observed increase in ODCase activity during matrix-induced sequential differentiation of cartilage, bone, and bone marrow in vivo. However, although there are many reports of a close relationship between polyamine metabolism and cell proliferation, there have been few studies on the role of polyamine during cell differentiation.
by PTH are good markers of the differentiated phenotype of cultured chondrocytes. The polyamines putrescine, spermidine, and spermine have been linked to many processes for division, proliferation, and growth of various types of cells. The intracellular contents of polyamines are high in developing embryos and neoplastic tissues and increase in various tissues after appropriate growth stimuli or administration of hormones and drugs (1) (2) (3) (4) (5) (6) (7) . The polyamine content also increases in cultured mammalian cells stimulated to proliferate and transform (8) (9) (10) . Ornithine decarboxylase (ODCase; L-ornithine carboxy-lyase, EC 4.1.1.17), the enzyme responsible for putrescine formation and probably the rate-limiting enzyme in polyamine biosynthesis, is rapidly and markedly induced by various growth stimuli and by treatment with hormones and drugs both in vivo and in culture (1) (2) (3) (4) (5) (6) (7) (11) (12) (13) (14) (15) (16) . Recently, Conroy et al. (17) demonstrated the presence of ODCase and polyamines in cartilage, and Rath and Reddi (18) observed increase in ODCase activity during matrix-induced sequential differentiation of cartilage, bone, and bone marrow in vivo. However, although there are many reports of a close relationship between polyamine metabolism and cell proliferation, there have been few studies on the role of polyamine during cell differentiation.
We have shown (19) that growth cartilage cells isolated from the ribs of young rats actively synthesize cartilage matrix and that parathyroid hormone (PTH) stimulates glycosaminoglycan (GAG) synthesis, a differentiated phenotype of chondrocytes. On the other hand, vitamin A is known to inhibit GAG synthesis in chondrocytes from chicken sterna and from rat costal cartilage (20) (21) (22) . Vitamin A also inhibits differentiation of mesenchymal cells derived from the limb buds of mouse embryos into chondrocytes in vitro (23) (24) (25) .
Recently, we found (11) that PTH induced ODCase in rabbit costal chondrocytes in culture. Recent reports by Boutwell and his coworkers (7, 12) showed that vitamin A analogues inhibited the induction of ODCase by a tumor promoter in mouse epidermis. In the present study, by using Assay of ODCase Activity. For assay of ODCase, the medium was removed and the cell layer was washed five times with ice-cold phosphate-buffered saline. Then the cells were collected with a rubber policeman in 0.8 ml of standard buffer, sonicated at 20 kHz for 60 sec (in two 30-sec periods), and centrifuged at 15,000 X g for 15 min at 4°C, as reported (11) . The activity of ODCase in the resulting supernatant was de- (11) in cultured rat or rabbit costal chondrocytes. As shown in Fig. 1 , when PTH was added to confluent quiescent cultures of rabbit costal chondrocytes, the activity of ODCase increased rapidly, reaching a maximum of about 5-fold that of untreated cultures 4-5 hr after addition of the hormone. Thereafter the enzyme activity decreased abruptly, returning to nearly the control level after 8 hr. The maximal stimulation was observed at a dose of 2.5 international units (IU) or more of the hormone per ml (11) . The increase in enzyme activity was followed by an increase in the cellular concentrations of polyamines ( Fig. 1) , the concentration of putrescine in particular reaching about 3fold that of untreated cultures 6 hr after PTH addition.
Effect of PTH on ODCase of Other Cell Lines. Changes in ODCase activity and polyamine levels in rabbit costal chondrocytes after addition of PTH. When chondrocytes had reached confluence (day 8), the culture medium was replaced by 2 ml of fresh medium. After 24 hr, PTH (20 ,l in phosphate-buffered saline) was added to the culture medium at a final concentration of 2.5 IU/ml, and then cultures were harvested at the times shown. Phosphate-buffered saline had no effect on ODCase activity or on polyamine levels. 0, ODCase; 0, putrescine; 0, spermidine; *, spermine. Points and lines are means + SEM of results in three to five experiments.
( Fig. 2 A and D) . On the other hand, after 3 days of treatment with retinyl acetate or retinoic acid, the polygonal cells assumed the appearance of fibroblasts and very little matrix was seen ( Fig. 2 B, C, E, and F). These effects were dose-dependent and the minimum effective concentrations of retinyl acetate and retinoic acid were 0.2 ,M and 0.05 ,M, respectively (data not shown). The effects were also time-dependent and were apparent after a 2-day treatment with 5 MAM retinyl acetate or a 24-hr treatment with 0.2,uM retinoic acid. These retinoids inhibited GAG synthesis in parallel with the morphological changes ( Table 2) . Retinoic acid was more effective than retinyl acetate: after a 3-day treatment, the inhibition by 0.2 ,M retinoic acid was nearly equal to that by 5 MM retinyl acetate.
The effects of retinoids were reversible. Fig. 2 G and H shows chondrocytes that had been incubated with retinyl acetate and retinoic acid, respectively, for 3 days from day 2 to day 5 of culture and then without retinoids for 4 days from day 5 to day 9. The cells had regained a polygonal shape and refractile matrix. The reversion was observed 2 days after removal of retinoids. The inhibition of incorporation of [a5S]sulfate into GAG was also reversed ( Table 2 ). This phenomenon was confirmed by metachromatic staining with toluidine blue.
Effects of Retinoids on Protein and DNA Accumulations. Ethanol had no effect at the concentration used (0.01%). Neither retinyl acetate nor retinoic acid inhibited protein accumulation under the condition described in Table 2 (Table 3 , part A). Table 3 , part B shows the effect on cells in the logarithmic phase of proliferation of treatment with retinoids for 3 days. Under these conditions, the protein and DNA contents of control cultures both increased about 3fold, and the increases were not inhibited by treatment with retinyl acetate or retinoic acid. Thus, the inhibitory effect of these retinoids on the differentiated phenotype was not caused by general cytotoxicity of the retinoids. (11) . However, when the cells had been pretreated with retinoids for 3 to 4 days, induction of ODCase was suppressed when PTH was added ( Fig. 3 and Table 4 IU/ml. Enzyme activity was assayed on day 9. The percentage inhibition of induction ig defined as: reaction mixture at a concentration of 10 uM did not alter the enzyme activity (data not shown). These results show that ODGase induction by PTH in chondrocytes is closely correlated with the differentiated phenotype of chondrocytes.
DISCUSSION
Gaillard et al. reported that mouse long-bone rudiments treated with relatively low concentrations of PTH induced anabolic reactions in the cartilage by favoring the maturation process, whereas higher concentrations of PTH diminished the number of mature cartilage cells and favored the resorption of bone (31) . In our investigations, PTH induced a marked increase in ODCase activity in rabbit costal chondrocytes in culture, followed by increase in the intracellular levels of polyamines and especially putrescine. Previously, we reported (19) Both retinyl acetate and retinoic acid inhibited expression of the differentiated phenotype of chondrocytes, as judged by morphological change aiid decrease of sulfate incorporation into GAG (Fig. 2 and Table 2 ). It has already been shown that these retinoids inhibit expression of the differentiated phenotype of chondrocytes from the sterna of chicken embryos and of rats (20) (21) (22) and also depress chondrogenesis of mesenchymal cells derived from mouse limb buds (23) (24) (25) in culture. Vasan and Lash (21) reported that 10,uM vitamin A inhibited proliferation of chondrocytes from the sterna of chicken embryos.
Hassell et al. (23) also found that 10,qM retinoic acid inhibited proliferation of prechondrogenic cells plated at high cell density, but not at low cell density. However, Shapiro and Poon (22) reported that a low concentration of retinoic acid (2.2 nM to 2.2 yuM) inhibited GAG synthesis without affecting cell proliferation. The concentration of retinyl acetate used in this study was 5 ,tM and that of retinoic acid was only 0.2 jiM, and our results agree with those of Shapiro and Poon, as shown in Table 3 .
Verma and Boutwell (12) reported that topical application of retinoic acid or retinyl acetate inhibited phorbol ester-induced ODCase activity in mouse epidermis in vivo and that Proc. Natl. Acad. Sci. USA 77 (1980) 1485 retinoic acid was more effective than retinyl acetate. Table 4 shows that retinoic acid was more effective than retinyl acetate in our system also. Solursh and Meier (20) 
